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ABSTRACT: The use of stimuli-cleavable difunctional initiators containing a SINGLE & DUAL-STIMULI RESPONSIVE
discrete single-type cleavable junction represents a general strategy to prepare
mid-chain-degradable vinylic polymers. Here, we present a series of a-haloester-
type programmed initiators encoding multiple single-type and dual-type cleavable A

junctions. Multiple single-cleavage groups increase the cleavage rate, whereas % S w
double-dual sites provide access to multiple mechanisms for cleavage. Single- -
electron transfer living radical polymerization was employed to generate well-
defined mid-chain-cleavable poly(methyl acrylate)s designed with low-pH, low- [aEEI Reduction UV-light
pH/reduction, or low-pH/UV light cleavable linkages. Kinetic studies

demonstrated that the polymerizations are living when using various catalytic

Cu(0) sources (wire and powder), ligands (Mes-TREN and TREN), and solvent sources (homogeneous and “programmed”
biphasic). Moreover, structural analyses by NMR and matrix-assisted laser desorption/ionization-time-of-flight confirmed the
near-perfect chain-end functionality of these stimuli-cleavable polymers derived from programmed initiators. A rigorous gel
permeation chromatography study demonstrated that the combination of multiple acetal, disulfide, or 2-nitroresorcinol-derived
acetal junctions offer attractive possibilities in terms of selective cleavage and orthogonal degradation.

B INTRODUCTION responsive nanoplatforms for cellular delivery applications by
means of glutathione.”””" Interestingly, von Delius and co-
workers demonstrated that disulfide-centered polyacrylates can
also split into two equally sized fragments when exposed to
ultrasound activation or dynamic covalent disulfide exchange.””
Other difunctional initiators containing cleavage entities such
as hemiacetal esters (cleavable by harsh acid conditions or
temperature),””*' Diels—Alder adduct (temperature),” 2-
nitrobenzyl esters’”** and ethers® (UV light), 2-(pyridine-2-
yl)ethyl carboxylate esters (temperature),’® and olefin
(ozone)*”*® have been reported. As can be seen from Figure
1b, most of these initiators contain a single-type labile linkage.
However, the presence of multiple identical or different
degradable functionalities that are active via an identical or
different mechanism and therefore provide access to either an
accelerated cleavage via a single mechanism or by a
combination of several mechanisms in the initiator residue
could be employed to program the degradation efficiency by
increasing the rate or the number of mechanisms. Indeed, the
incorporation of distinct stimuli-responsive linkages would be
even more interesting in terms of finer modulations. Driven by
the complex functions of living organisms, dual- and

The conception of functional polymers that can predictably
respond to environmental changes through chemical or
physical transitions is a field of growing importance in polymer
science.' " Particularly, the integration of stimuli-responsive
degradable groups within the polymer main-chain or side-chain
is a promising platform in the design of smart polymers for
applications at the cross-frontier of chemistry and biology.”~”
Broad interest in these materials arises due to their ability to
specifically sense and respond to biologically relevant signals
such as pH,8 redox potential,9 endogenous gases,10 or certain
enzymes.'' Benefiting from the advent of living radical
polymerization techniques, the use of stimuli-cleavable difunc-
tional initiators facilitates the rather simple synthesis of vinyl
(co)polymers with a well-defined architecture and cleavage
pattern (Figure 1a)."”

This class of telechelic polymers can convert specific
stimulation to functional outputs based on the cleavage of
the polymer chain into two shorter fragments while generating
certain functional end-groups at the a-polymer terminus. Due
to these features, a number of initiators integrating only one
single-type of cleavage linkage, most of them intended for
metal-catalyzed techniques,'>"” have been proposed (Figure

1b). Noteworthy examples are disulfide-containing initia- Received: June 26, 2019
tors,"* "> which cleave upon exposure to a highly reducible Revised:  July 11, 2019
environment and therefore can serve to prepare redox- Published: July 12, 2019
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Figure 1. Living radical polymerization initiated from stimuli-cleavable difunctional initiators: (a) general synthetic approach for the preparation of
mid-chain-cleavable polymers using cleavable difunctional initiators and (b) typical cleavable difunctional initiators containing a single-type

cleavage linkage.

multiresponsive systems are in fact more desirable for medical
and other applications compared with conventional ones
containing single-type labile units since they can be used to
generate programmed stimuli-responsive initiators and poly-
mers.

In the present work, we rationally designed and synthesized
three original cleavage a-haloester-type difunctional initiators
sensitive to low pH (1), low pH/reduction (2), and low pH/
UV light irradiation (3) (Figure 2). Specifically, we introduced
two acid-sensitive acetal linkages in all of the initiators using
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Figure 2. Chemical structure and symbol code for the double single-
type (1) and double dual-type (2—3) cleavage difunctional initiators
reported in this work. Color code in panel (c): acetal linkages, blue;
disulfide linkages, green; and 2-nitroresorcinol-derived entity, red.
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the acid-catalyzed addition of alcohols to vinyl ethers as a key
reaction step.”” However, initiators 2 and 3 turned out to be
also sensitive to reduction and UV light, integrating two
disulfide and 2-nitroresorcinol moieties as a second type of
stimuli-cleavage entities, respectively. After synthesis, these
initiators were tested in the polymerization of methyl acrylate
(MA) via Cu(0)-mediated single-electron transfer living radical
polymerization (SET-LRP). Kinetic studies using NMR
spectroscopy and gel permeation chromatography (GPC)
were carried out to reveal a good control of polymerizations
under various SET-LRP reaction conditions. Moreover,
structural NMR and matrix-assisted laser desorption/ioniza-
tion-time-of-flight (MALDI-TOF) analyses confirmed the
near-perfect chain-end functionality of the synthesized
polymers. Importantly, the well-defined architecture and
stimuli-cleavage pattern of the resulting polymers allowed
mid-chain cleavage under various mild reaction conditions
(e.g., acid, reduction, and UV-light irradiation). More
interesting is that mixtures of these polymers could be
selectively and sequentially cleaved into two shorter fragments
by the appropriate selection of stimulation even in the
presence of polymers prepared from conventional stable
initiators.

B EXPERIMENTAL SECTION

Materials. The following chemicals were purchased from Sigma
Aldrich and used as received: 2-bromopropionyl bromide (97%),
anhydrous ethylene glycol (99%), 1,4-butanediol divinyl ether (98%),
1,4-butanediol vinyl ether (98%), 2-nitroresorcinol (98%), pyridinium
p-toluensulfonate (PPTS, 99%), tris[2-(dimethylamino)ethyl]amine
(Meg-TREN, 97%), tris(2-aminoethyl)amine (TREN, 96%), coppet-
(1I) bromide (Cu(II)Br,, 99%), dialysis tubing benzoylated (MWCO
2000), dimethylsulfoxide (DMSO, 99.7%), hydrazine hydrate (60%
hydrazine), thiophenol (>99%), trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene ]malonitrile (>98%), and potassium trifluor-
oacetate (KTFA, 98%). Tributylphosphine (PBu;, 97%) and
trifluoroacetic acid (TFA, 99%) were obtained from Fluka and Alfa
Aesar, respectively. Methyl acrylate (MA, >99%), purchased from
Sigma Aldrich, was de-inhibited by passing it through a small basic
alumina pipette. 2,2,2-Trifluoroethanol (TFE, 99%) and high-
performance liquid chromatography (HPLC)-grade acetonitrile
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(MeCN) were obtained from Merck. HPLC-grade tetrahydrofuran
(THF), acetone (synthesis grade), and ethanol (EtOH, 96%) were
purchased from Scharlab. Deuterated chloroform (CDCl;) was
purchased from Eurisotop. Triethylamine (TEA, >99%, Merck) and
dichloromethane (DCM, reagent grade) were dried over CaH, and
distilled. Copper(0) wire (99.9% pure) of 20 gauge diameter, received
from Creating Unkamen, was activated using hydrazine following a
procedure developed in our lab,** whereas copper(0) powder (45 um,
99.9% pure, from Sigma Aldrich) was used as received.

Methods. 'H and *C NMR spectra analyses were performed on a
Varian VNMR-5400 NMR instrument at 400 MHz (for 'H) and
100.6 MHz (for *C). All of the chemical shifts are quoted on the §
scale in ppm based on trimethylsilane as the internal standard. For the
chain-end analysis of polymers, the delay time was fixed at 10 s (d; =
10) and the number of scans at 100 (nt = 100). Molecular weight
analysis was performed via gel permeation chromatography (GPC)
using an Agilent 1200 series system equipped with three columns
(PLgel 3 yym MIXED-E, PLgel S pm, and PLgel 20 ym from Polymer
Laboratories) and an Agilent 1100 series refractive-index factor
detector. THF was used as an eluent at a flow rate of 1.0 mL min~".
The weight-average and number-average molecular weights of the
synthesized polymers (M, and M,, respectively) were determined
using a library of poly(methyl methacrylate) (PMMA) standards from
American PSS Polymer Standards Service GmbH. Electrospray
ionization (ESI) mass spectroscopy analysis was performed on an
Agilent G3250AA liquid chromatography system coupled to a 6210
time-of-flight (TOF) mass spectrometer from Agilent Technologies
with an ESI interface. Nominal and m/z mass are reported in daltons.
Matrix-assisted laser-desorption TOF (MALDI-TOF) analysis was
performed on a Voyager-DE (Applied Biosystems) instrument with a
337 nm nitrogen laser (3 ns pulse). The accelerating potential was 25
kV and the laser power 1900 units for all of the polymers. The analysis
was performed using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene Jmalonitrile as a matrix and KTFA as the cationization
agent. Samples were prepared as follows: THF solution of the matrix
(30 mg mL™"), KTFA (10 mg mL™"), and the polymer (10 mg mL™")
were prepared, and the final solutions for MALDI-TOF analysis were
obtained by mixing the matrix/salt and polymer solutions in a 9/1/1
volumetric ratio. After that, 1 uL of the solution mixture was
deposited onto five wells of a sample plate and dried in air at room
temperature before being subjected to the analysis.

Synthesis of Stimuli-Cleavage Initiator 1. Step 1: Anhydrous
ethylene glycol (30 mL, $37.94 mmol) was added to a 100 mL
Schlenk round-bottom flask previously flame-dried under vacuum and
purged three times with argon. The flask was equipped with a
magnetic stir bar and a rubber septum. The flask was then cooled to 0
°C, and 2-bromopropionyl bromide (21.22 mmol, 2.25 mL) was
added dropwise during 15 min. The resulting reaction mixture was
stirred at 0 °C for an additional 3 h. After that, the crude reaction was
quenched by the addition of 100 mL of water and extracted with
dichloromethane (3 X 100 mL). The combined organic extracts were
dried over MgSO,, filtered, and evaporated under vacuum. The
subsequently obtained liquid was purified by vacuum distillation (85
°C, 0.003 mbar) to yield 2-hydroxyethyl 2-bromopropionate as a
viscous colorless liquid (9.8 g, 87%). "H NMR (400 MHz, CDCl,, §):
4.17—4.25 (m, 1H), 4.15 (t, 2H), 3.95 (t, 2H), 1.95 (d, 3H). “C
NMR (100.6 MHz, CDCL,, 6): 170.53, 67.18, 60.35, 39.93, 21.50.
Step II: 2-Hydroxyethyl 2-bromopropionate (2 g, 10.15 mmol) and
1.5 mL of anhydrous dichloromethane were added to a 25 mL
Schlenk tube previously flame-dried under vacuum and purged with
argon. After that, PPTS (63 mg, 1% mmol) was added under argon
flow. The flask was placed into a thermostatic bath at 25 °C prior to
the dropwise addition of 1,4-butanediol divinyl ether (5 mmol, 0.82
mL) under an argon atmosphere. The reaction mixture was stirred for
an additional 30 min, then quenched by the addition of a diluted
solution of sodium carbonate (NaHCO;, 5%), and subsequently
extracted with DCM (3 X 20 mL). The combined organic extracts
were dried using MgSO,, filtered, and concentrated. The obtained
crude product was purified by column chromatography (8:2 hexane/
ethyl acetate, 1% TEA) to afford the initiator 1 (3.4 g, 85%) as a
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colorless liquid. "H NMR (400 MHz, CDCl,, §): 4.75 (q, 2H), 4.41
(g, 2H), 4.31 (t, 4H), 3.78—3.70 (m, 4H), 3.61-3.41 (m, 4H), 1.84
(d, 6H), 1.65 (m, 4H), 1.32 (d, 6H). '*C NMR (100.6 MHz, CDCl,,
5): 170.25, 99.71, 65.26, 65.17, 62.03, 39.85, 26.67, 21.65, 19.53.
High resolution mass spectrometry (HRMS) (TOF ES*) m/z: [M +
H]* caled for C;gH;,Br, 04", 535.0464; found, 535.0467.

Synthesis of Stimuli-Cleavage Initiator 2. Step I. 2-((2-
Hydroxyethyl)disulfaneyl)ethyl 2-bromopropanoate was synthesized
following the methodology described above for 2-hydroxyethyl 2-
bromopropionate. In this case, the crude product was purified by
column chromatography (20:1 hexane/ethyl acetate) to obtain the
pure product as a viscous yellow liquid (8.9 g, 89%). '"H NMR (400
MHz, CDCl,, 6): 445 (q, 1H), 4.35 (t, 2H), 3.91 (t, 2H), 2.86 (t,
2H), 2.64 (t, 2H), 1.94 (t, 1H), 1.86 (d, 3H). 3C NMR (100.6 MHz,
CDCl,, §): 171.82, 67.25, 62.83, 41.23, 40,82, 36.92, 22.83. Step II:
Initiator 2 was synthesized following the same methodology described
above for compound 1. In this case, the obtained crude product was
purified by column chromatography (10:1 hexane/ethyl acetate, 1%
TEA) to afford the stimuli-cleavage initiator 2 (3.9 g, 82%) as a pale-
yellow liquid. "H NMR (400 MHz, CDCl,, §): 4.74 (g, 2H), 4.44 (q,
2H), 4.38 (t, 4H), 3.81—3.70 (m, 4H), 3.61-3.41 (m, 4H), 2.96 (t,
4H), 2.91 (t, 4H), 1.85 (d, 6H) 1.65 (m, 4H), 1.31 (d, 6H). °C
NMR (100.6 MHz, CDCl,, 8): 170.04, 99.83, 65.34, 63.71, 63.06,
39.79, 39.27, 36.64, 26.69, 21.62, 19.68. HRMS (TOF ES*) m/z: [M
+ HJ" caled for C,H,,Br,04S,, 718.9973; found, 718.9976.

Synthesis of Stimuli-Cleavage Initiator 3. Step I: 1,4-Butanediol
vinyl ether (S g, 56.75 mmol), 100 mL of dichloromethane, and TEA
(15.8 mL, 113.5 mmol) were charged into a 250 mL flask equipped
with a magnetic bar and an addition funnel under argon flow. The
reaction mixture was cooled down to 0 °C in an ice bath and a
solution of 2-bromopropionyl bromide (68.09 mmol, 7.2 mL) in
DCM (50 mL) was added dropwise while stirring over a period of 15
min. The reaction mixture was stirred overnight at room temperature
and then filtered and extracted with an aqueous solution of NaHCO;
(5%, 3 x 100 mL) and water (2 X 100 mL). The combined organic
extracts were dried using MgSO,, filtered, and concentrated. The
obtained crude product was purified by column chromatography
(10:1 hexane/ethyl acetate), to afford 4-(vinyloxy)butyl 2-bromopro-
panoate as a yellowish liquid (10 g, 87%). 'H NMR (400 MHz,
CDCl,, 6): 647 (q, 1H), 4.41-4.38 (m, 3H), 4.21 (dd, 1H), 4.06
(dd, 1H), 3.91 (t, 2H), 1.82 (d, 3H), 1.77 (m, 4H). *C NMR (100.6
MHz, CDCI,, 8): 171.32, 151.98, 87.23, 65.83, 64.04, 40.24, 25.98,
24.78, 20.73. Step II: 2-Nitroresorcinol (0.3 g, 1.93 mmol) and
anhydrous THF (3 mL) were charged into a 25 mL Schlenk tube
previously flame-dried under vacuum and purged with argon. After
that, PPTS (4.8 mg, 1% mmol) was added under argon flow, and the
reaction mixture was placed in a thermostatic bath at 45 °C and a
solution of 4-(vinyloxy)butyl 2-bromopropanoate (0.9 g, 3.9 mmol)
in THF (1 mL) was added. The reaction mixture was stirred for an
additional 3 h and after that quenched by the addition of a diluted
solution of sodium carbonate (NaHCO;, 5%) followed by extraction
with DCM (3 X 20 mL). The combined organic extracts were dried
using MgSO,, filtered, and concentrated. The obtained crude product
was purified by column chromatography (15:1 hexane/ethyl acetate,
1% TEA) to afford the initiator 3 (0.78 g, 65%) as an orange liquid.
"H NMR (400 MHz, CDCl,, §): 7.28 (t, 1H), 6.86 (d, 2H), 5.45 (q,
2H), 4.37 (q, 2H), 4.15 (t, 4H), 3.72 (m, 2H), 3.52 (m, 2H), 1.82 (d,
6H), 1.70—1.65 (m, 8H), 1.50 (d, 6H). *C NMR (100.6 MHz,
CDCl,, §): 170.22, 148.76, 130.57, 110.02, 109.91, 100.77, 65.60,
64.90, 40.18, 25.92, 25.25, 21.64, 19.62. HRMS (TOF ES*) m/z: [M
+ H]* caled for C,,H3Br,NO,,, 656.0628; found, 656.0624.

General Procedure for the Cu(0)-Catalyzed SET-LRP. This
procedure is representative for all of the polymerizations conducted
herein. The polymerization of MA using initiator 1 in DMSO under
the conditions of [MA],/[1],/[Mes-TREN], = 222/1/0.2 is
described. Difunctional initiator 1 (26.7 mg, 0.0S mmol) was
dissolved in MA (1 mL, 11.10 mmol) and charged in a 25 mL
Schlenk tube together with DMSO (0.5 mL) and Me,-TREN (2.8 uL,
0.01 mmol). Then, the reaction mixture was deoxygenated by six
freeze—pump (1 min)—thaw cycles. Next, 12.5 cm of a hydrazine-
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Scheme 1. Synthetic Strategy for the Stimuli-Responsive Programmed Difunctional Initiators

a [o]

Br
Br)kr o 4\0/\/\/0\¢ J\ o]
HO -~ oH —_— Br. e —_— Br)}(o\/\o o/\/\/o\ro\/\o)J\rB'
(87%) PPTS/DCM o
(85%) 1
b o
B Br
r o} DA e e J\ o
HO/\/S‘S/\/OH [ Br. 0 \Ssg\OH —_— Br O\/\S,S\/\O O/V\/OTO\/\S’S\/\O)I\(Br
(89%) PPTS/DCM o
(82%) 2
c ° NO,
Br HO. OH
Br o o NO, [o]
O Br. 0/\/\/0\¢ > Br. O/\/\/o 0. 0. O\/\/\OJJ\rBr
_—
Ho TEA/DCM PPTS/THF \r \r
(87%) (65%) .

activated Cu(0) wire, wrapped around a Teflon bar, was introduced
under a strong positive flow of argon and held above the reaction
mixture using an external neodymium magnet. Two additional
freeze—pump—thaw cycles were applied. After that, the reaction
mixture was placed in a thermostatic bath at 25 °C. After
approximately 1 min, the stir bar wrapped with the Cu(0) was
dropped gently into the reaction mixture. The introduction of the
Cu(0) wire defines t = 0. Only for kinetic experiments, samples were
taken at determined times by purging the side arm of the Schlenk tube
with argon for 1 min using a deoxygenated glass syringe and a
stainless-steel needle. The collected samples were dissolved in CDCl;
and quenched by exposure to air. After that, monomer conversion was
determined by 'H NMR spectroscopy. To determine the M, and M,,/
M, of PMA-1 by GPC, the solvent and monomers were eliminated
under reduced pressure and the resulting residue was immediately
dissolved in THF and filtered under basic alumina to remove
Cu(II)Br, residues.

General Procedure for the Thio-Bromo “Click” Modification of
Poly(methyl acrylate) (PMA) with Thiophenol.*"** In a § mL
bottom vial equipped with a magnetic stirrer and a rubber septum,
thiophenol (0.06 equiv) and distilled TEA (0.06 equiv) were added
into a solution of the corresponding polymer (0.01 equiv) in MeCN
(2 mL) under argon flow. The reaction mixture was stirred at room
temperature for 3 h. Then, the resulting modified PMA was dialyzed
against acetone. The obtained polymer was dried under vacuum until
constant weight before 'H NMR and MALDI-TOF analyses.

Mid-Chain Acid Cleavage of PMA-1, 2, and 3 and Mixtures
Containing these Polymers with TFA. A solution of polymer (50 mg)
in 2 mL of THF was placed in a bottom vial equipped with a small
magnetic bar. After that, TFA (80 uL, 0.1 M) was added and the
resulting reaction mixture was stirred for 1 h at room temperature.
The resulting solution was passed through a small basic alumina
column before GPC analysis. Degradation was in some cases
performed in the CDCI, solvent to allow direct '"H NMR analysis.

Mid-Chain Reductive Cleavage of PMA-2 and Mixtures
Containing this Polymer with PBus. A solution of PMA-2 (50 mg)
in § mL of anhydrous THF was placed in a bottom vial equipped with
a small magnetic bar. After that, PBu; (200 L, 100 equiv) was added.
The reaction mixture was stirred for 1 h at room temperature. The
resulting solution was immediately analyzed by GPC.

Mid-Chain Photodegradation of PMA-3 and Mixtures Contain-
ing this Polymer with UV Light. A solution of PMA-3 (50 mg) in 2.5
mL of THF was placed in a bottom vial equipped with a small
magnetic bar. The reaction mixture was stirred and subjected to UV
light with four 9W UV lamps (1 = 365 nm) during 90 min at room
temperature. The resulting solution was immediately analyzed by
GPC.
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B RESULTS AND DISCUSSION

Synthetic Strategy for the Programmed Stimuli-
Cleavage Difunctional Initiators. As illustrated in Scheme
la,b, the synthesis of initiators 1 and 2 was performed in two
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Figure 3. 'H NMR spectra of the stimuli-cleavage difunctional
initiators (a) 1, (b) 2, and (c) 3 in CDCl,. "H NMR resonances from
residual solvents are indicated with “.”.

DOI: 10.1021/acs.biomac.9b00892
Biomacromolecules 2019, 20, 3200-3210


http://dx.doi.org/10.1021/acs.biomac.9b00892

Biomacromolecules

Scheme 2. SET-LRP Synthesis of Mid-Chain-Cleavable PMA Using the Single and Dual Stimuli-Responsive Programmed

Difunctional Initiators
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Figure 4. Monomer conversion, kinetics plots, and evolution of experimental M, (GPC) and M,,/M, values, based on the calibration by PMMA
standards versus theoretical M(th) values for the SET-LRP of MA initiated from difunctional initiators (a) 1 and (b) 2 in DMSO at 25 °C.
Reaction conditions: MA = 1 mL, DMSO = 0.5 mL, [MA]/[initiator],/[MesTREN], = 222/1/0.1 using 12.5 cm of a hydrazine-activated Cu(0)

wire (20 gauge diameter).

simple steps using commercially available diols such as
ethylene glycol and 2-hydroxyethyl disulfide as starting
materials.

In the first step, one equivalent of 2-bromopropionyl
bromide was attached to the corresponding diol through
esterification of a single hydroxyl group. Importantly, the use of
excess diol as well as no base, to quench the released HBr, is
crucial to minimize the formation of the undesired diester. The
second step was the conjugation of the obtained compound
with 1,4-butanediol divinyl ether at room temperature in the
presence of PPTS in DCM under rigorous anhydrous
conditions. Overall, 1 and 2 were readily prepared with an
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overall yield of around 75%. The chemical structure of the
purified initiators was confirmed by 'H NMR, *C NMR, and
HSQCAD NMR analyses (Figures 3a,b and S1—S4). The most
characteristic 'H NMR signals of both initiators are those
corresponding to methyl and methyne groups of the acetal
moieties at 1.3 and 4.7 ppm, respectively. Alternatively,
initiator 3 (Figure 2) was synthesized from 1,4-butanediol
vinyl ether, that is, by esterification with 2-bromopropionyl
bromide in the presence of excess TEA followed by the
reaction with 2-nitroresorcinol in the presence of PPTS
(Scheme 1c). In this case, acetal linkage formation was more
effective at higher temperatures (45 °C). Structural NMR
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Figure 5. "H NMR spectra of mid-chain-cleavable (a) PMA-2 and (b)
PMA-3 prepared by Cu(0) wire-catalyzed SET-LRP from difunctional
initiators 2 and 3, respectively. Reaction conditions: (a) MA = 1 mL,
acetone/H,0 (8:2, v/v) = 0.5 mL, [MA],/[2],/[TREN],/[Cu(II)-
Br,], = 222:1:0.4:0.2 using 12.5 cm of a hydrazine-activated Cu(0)
wire (20 gauge diameter); and (b) MA = 1 mL, DMSO = 0.5 mL,
[MA]y/[3]o/[Meg-TREN], = 222:1:0.1 using 12.5 cm of a hydrazine-
activated Cu(0) wire (20 gauge diameter). PMA-2 and 3 were
isolated at 89 and 94% monomer conversion after kinetic experiments.
"H NMR resonances from residual solvents are indicated with .

characterization confirmed the structure of 3, which was
obtained with an overall yield of around 57% (Figures 3c and
SS, S6). According to the difunctional nature of this initiator,
the 'H NMR integral ratio of the peaks 2/8 was determined to
be 1/1. Additional structural confirmation for compounds 1-3
was obtained by high-resolution mass spectrometry (see
Experimental Section).

Polymerization of MA by SET-LRP from the Pro-
grammed Difunctional Initiators 1-3. After synthesis,
compounds 1-3 served as programmed difunctional initiators
for the polymerization of MA using Cu(0)-mediated SET-LRP
(Scheme 2). These compounds produce symmetric telechelic
poly(MA)s with centrally located acetal (PMA-1), acetal/
disulfide (PMA-2), and 2-nitroresorcinol-derived acetal (PMA-
3) labile functions. First, their performance was investigated in
DMSO using a Cu(0) wire catalyst and Me,TREN as the
ligand at 25 °C. The polymerizations were conducted at a
target M, of ~ 20000 g mol™" ([MA]y/[initiator], = 222)
using 12.5 cm of hydrazine-activated Cu(0) wire (20 gauge
diameter).

Importantly, the synthesized PMAs showed controlled M,
and low M,/M, values and monomodal GPC traces as

3205

expected for well-controlled polymerizations (Figure S7).
Kinetic studies using NMR to determine monomer conversion
and GPC to estimate experimental M, and M,/M, values
demonstrated the living radical polymerization features of
SET-LRP. As representative examples, kinetics for the SET-
LRP of MA initiated from 1 and 2 are shown in Figure 4. Both
polymerizations were fast, achieving above 90% conversion in
less than 30 min. It can be seen that the molar mass of the
polymer increased monotonically and agreed well with the
predicted values assuming 100% initiator efficiency.

Indeed, the linear increase of In[M],/[M] with time
supports a constant concentration of active species throughout
the entire reaction. Next, to further study the performance and
stability of these initiators, selected experiments were
performed under a range of SET-LRP reaction conditions."”
The solvent, Cu(0) form, and ligand were varied. First,
alternative homogeneous reaction mixtures were checked. For
instance, well-defined PMA-1 and 3 were successfully prepared
in a mixture of TFE/H,0 (9:1, v/v) under strictly identical
reaction conditions (Figure S8a,b).*> The use of Cu(0)
powder in EtOH delivered PMA-1 with M, close to the
theoretical value (19 500 vs 17 350 g mol™") showing a GPC
curve (M,,/M, = 1.19) with no shoulders or tails (Figure S8c).
Finally, a “programmed” biphasic SET-LRP system based on
an aqueous mixture of acetone, which is one of the most
representative non-disproportionating solvents, was also
investigated."”*>* SET-LRP of MA was conducted in an
acetone/water mixture (8:2, v/v) using Cu(0) wire. In this
case, Mes-TREN was replaced with the less expensive TREN
ligand.>> According to our previous studies, the external
addition of a small amount of Cu(II)Br, deactivator to the
water phase was necessary to obtain well-defined polymers
from 1 and 2 (Figure S8d,e). Under these conditions, SET-
LRP occurred in a biphasic reaction mixture, in which
polymerization occurs in the organic phase and disproportio-
nation of “in situ”-generated Cu(I)Br into Cu(0) and
Cu(II)Br, takes place in the aqueous phase. Digital images
and details on this system can be found in Figure S9.

To verify these results, the resulting polymers were
characterized by 'H NMR to demonstrate the telechelic
nature and “livingness” of both @,w-bromine chain-ends. As
representative examples, "H NMR spectra of purified polymers
PMA-2 and 3, prepared under different reaction conditions,
are shown in Figure 5. In both cases the bromine chain-end
functionality could be determined by integrating the peaks
corresponding to the a-bromo chain-end —CH(COOCH;)Br
with the methine acetal protons of the initiator residue (i.e.,
signals 15 and 7 in Figure S). Irrespective of the initiator and
reaction conditions, NMR analysis supports a high end-group
fidelity (f® > 95%). Further evidence for the well-defined
structure of the synthesized polymers was provided by
MALDI-TOF MS spectrometry analysis. A low-molar-mass
PMA-1 sample was prepared at [MA],/[1], = 50 (target M, ~
4800 g mol™'). This reaction also resulted in a near-
quantitative conversion (97%), narrow molecular weight
distribution, and well-defined molar mass, indicating a living
polymerization.

As can be seen in Figure 6a, PMA-1 showed a single
distribution of peaks, separated by 86 mass units, attributable
to PMA-1/K" species. As expected for a polymer with a perfect
bromine chain-end functionality, this distribution completely
vanished and a new series of peaks emerged 58 units above the
parent distribution after thio-bromo “click chemistry” with
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Figure 6. MALDI-TOF spectra of PMA-1 (a) isolated at 97% monomer conversion ([MA]y/[1]/[Meg-TREN], = 50:1:0.2 in DMSO), (b) after
thio-bromo click reaction at chain-ends using thiophenol, and (c) after acid-catalyzed hydrolysis of the thioetherified polymer using TFA in THF.
Magnified regions confirm the expected peak-to-peak spacing for the MA repeating unit and the near-perfect bromine chain-end functionality of the
synthesized polymer. Bond cleavage information: TFA treatment produces the selective acid hydrolysis of acetal linkages. The expected degradation

products are shown in Figure S10a.
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Figure 7. GPC traces for PMA-2 before (black) and after either acid
(blue) or reductive (green) treatment to promote mid-chain cleavage.
Numbers shown in each panel correspond to M, (GPC) and M,/M,,
respectively, from the top to bottom. Bond cleavage information:
PBu; and TFA treatments produce the selective cleavage of disulfide
and acetal linkages, respectively. The expected degradation products
are shown in Figure S10b.
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thiophenol (Figure 6b).*"** An additional proof of the
symmetric nature of the synthesized polymers was obtained
after TFA treatment of PMA-1 after thioetherification. Within
an hour, MALDI-TOF analysis delightfully illustrated the
complete vanishing of the series of peaks centered at
approximately 4300 g mol™'. Meanwhile, acetal mid-chain
hydrolysis resulted in the appearance of only one new series of
peaks with half the M,, thus confirming the acid-catalyzed
hydrolysis of the acetal linkages to the corresponding alcohols
and carbonyl compound (acetaldehyde) (Figure 6¢).*® Figure
S10a depicts the corresponding degradation products. This
two-step chain-end modification/mid-chain cleavage process
could also be monitored by '"H NMR analysis (Figure S11).
Opverall, these observations confirm the expected polymer
architecture (i.e., a homotelechelic structure with near-perfect
bromine chain-ends and discrete mid-chain labile linkages) and
are in agreement with previous studies from different
laboratories.®” ™%

Stimuli-Responsive Mid-Chain Cleavage of PMA-1, 2,
and 3 as well as Mixtures Therefrom. The ability of the
synthesized polymers to sense various stimuli (i.e., acidic
hydrolysis, reduction, or UV-light irradiation) and suffer mid-
chain cleavage was systematically investigated by GPC. As
observed in the previous section, the cleavage of PMA-1,
designed with single-type mid-chain acetal cleavage linkages,
could be carried out at room temperature in a THF/TFA
solution. Under these conditions, with 50 mg of the polymer in
2 mL of THF/0.1 M TFA solution, GPC analysis also revealed
the controlled reduction in the size of PMA-1 with a higher
molar mass as a result of its well-defined architecture and
cleavage pattern (Figure S12). Importantly, acidic cleavage did
not compromise the M, /M, of the resulting polymer due to
the simultaneity of the divergent SET-LRP chain growth. In
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Figure 8. GPC traces for a mixture of PMA-1 (M, = 5300 g mol ™",
M,/M, = 1.18), PMA-2 (M, = 23300 g mol™!, M,,/M, = 1.21), and
PMA-4 (M, = 54550 g mol™!, M,,/M, = 1.17) before (black) and
after sequential reductive (green) and acid (blue) treatments to
promote mid-chain cleavage. Numbers shown in each panel
correspond to multipeak M, (GPC) and M,/M,, respectively, from
the top to bottom. The individual components from the fits to a
multipeak Gaussian distribution are also shown by gray dashed lines.
Bond cleavage information: PBu; and TFA treatments produce the
selective cleavage of disulfide and acetal linkages, respectively. The
expected degradation products are shown in Figure S10.

addition, it is important to highlight that the M, /M,
experimental data are close to those expected theoretically
after the mid-chain cleavage of a symmetric telechelic
polymer.®’ Next, PMA-2, which integrates mid-chain acetal
and disulfide linkages, was subjected to strictly identical acidic
conditions (compare black and blue GPC traces in Figure 7).

As expected, the GPC analysis of the resulting polymer
revealed the shift of the GPC trace to longer elution times
compared with the parent polymer as a result of the acid-
catalyzed hydrolysis of acetal moieties (Figure S10b). Taking
advantage of the second stimuli-cleavage linkage in PMA-2
(disulfide), we also proceeded to test its reductive cleavage
using an excess of PBus. Disulfide bonds are well-known redox-
sensitive linkages (Figure S10b).°> The green GPC trace in
Figure 7 confirms the reductive cleavage of the centrally
located disulfide labile bonds. It is noteworthy that GPC traces
after cleavage appear at approximately the same elution time
irrespective of the type of treatment, that is, acid hydrolysis or
reduction. These results confirm the dual responsiveness of the
centrally located initiator residue resulting from the SET-LRP
of MA initiated from 2. The dual-response of the central
degradable PMA-3 core was also investigated (Figure S13).
According to the literature,63 the 2-nitroresorcinol-derived
acetal linkage is a promising platform because it offers both
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chemodegradation (acid hydrolysis) and photodegradation
over a wide range of spectrum (UV to near-infrared regime).
Upon UV irradiation for 90 min, GPC analysis revealed that
the M, of PMA-3 (M, = 23 640 g mol™', M,,/M, = 1.29) was
reduced approximately by half as a result of the central location
of the 2-nitroresorcinol group (compare black and red GPC
traces in Figure S13). Otherwise, full reduction was also
observed by GPC after acid treatment (blue curve). In this
case, both chemo- and photodegradation treatments are
expected to deliver equivalent polymers with the hydroxyl
group at the a-polymer chain-end (Figure S10c).

Encouraged by these results, we investigated the cleavage
behavior of representative mixtures of these polymers. For
instance, selective cleavage of PMA-2 in the presence of PMA-
1 was possible under reductive conditions. Thus, upon treating
a 50 wt % mixture of PMA-1 and PMA-2 with excess PBus,
only PMA-2 beaked up, whereas the part of the mixture-based
polymer chains with only acetal-type labile entities remained
stable (compare black and green GPC traces in Figure S14).
Next, the remaining telechelic PMA-1 could be further split
into two shorter fragments when the conditions were turned to
acidic (compare green and blue GPC traces in Figure S14).

In the second experiment, a control PMA-4, prepared by
SET-LRP of MA using the conventional bis(2-
bromopropionyl)ethane (BPE) difunctional initiator with no
labile core, was added to this mixture of polymers (see Figures
S10 and S1S for details of PMA-4). Interestingly, when the
reduction/acid sequential degradation protocol was applied to
this tricomponent mixture of polymers, only the GPC trace of
the control polymer remained stable after the second step,
whereas the GPC traces of the two responsive polymers shifted
to longer elution times (Figure 8). Furthermore, we could also
address the selective photocleavage of PMA-3 in the presence
of PMA-1 (Figure S16). Finally, a series of sequential
degradations were performed to showcase that a mixture of
PMA-2 and PMA-3 can undergo orthogonal degradation
taking advantage of the independent degradation chemistries
of disulfide and 2-nitroresorcinol acetal linkages. Delightfully,
the degradation of both polymers could be successfully
addressed individually and sequentially (Figure 9). Thus,
reductive conditions (dashed arrow) only induced a mid-chain
cleavage of PMA-2 with no impact on 2-nitroresorcinol-
derived acetal moieties, whereas UV-light irradiation (solid
arrow) only impacted the photosensitive polymer PMA-3.

In the second step, the cleavage of the residual polymer
could be performed by applying the complementary treatment.
It is worth mentioning that simultaneous cleavage of both
could also be conducted via acid-catalyzed acetal hydrolysis
(dash—dot arrow) or alternatively by applying reductive
treatment combined with UV-light irradiation (data not
shown). Overall, these results demonstrate that the originality
of these initiators relies not only on their individual chemical
structures/responsive profiles but also on the possibilities that
their combinations offer.

B CONCLUSIONS

Three novel cleavable a-haloester-type programmed difunc-
tional initiators were synthesized and used to deliver well-
defined mid-chain-cleavable PMAs with single and dual
response. Specifically, the initiators 1—3 and the corresponding
polymers are sensitive to low pH, low pH/reduction, or low
pH/UV-light irradiation because they integrate acetal, acetal/
disulfide, or 2-nitroresorcinol-derived acetal labile linkages.
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shown by gray dashed lines. Bond cleavage information: PBu; treatment produces the selective cleavage of disulfide linkages, whereas exposure to
TFA and UV light selectively cleaves 2-nitroresorcinol-derived acetal junctions. The expected degradation products are shown in Figure S10b,c.

Polymerization studies conducted under various Cu(0)-
catalyzed SET-LRP conditions resulted in a near-quantitative
conversion, narrow molecular weight distribution, well-defined
molar mass, and high end-group fidelity, indicating well-
controlled polymerizations. Remarkably, the precise insertion
of mid-chain stimuli-responsive labile units within a PMA
backbone allowed its cleavage under various conditions (i.e.,
acid, reduction, and UV-light irradiation). It is encouraging
that the cleavage of some di- and tricomponent polymer
mixtures could also be addressed selectively and sequentially
by the selection of the appropriate stimuli. Overall, we envision
that taking advantage of the broad monomer scope of SET-
LRP, mixtures of vinylic (co)polymers synthesized from
difunctional initiators 1, 2, and 3 or other stimuli-cleavage
di- and multifunctional initiators inspired from them, in
combination with nonlabile initiators such as BPE or peptoid-
type initiators,”* can provide a promising framework for
creating nanoscale templates for advanced biomaterial, bio-
logical, and other applications. Research on developing
degradable drug delivery devices based on these initiators is
currently being carried out in our laboratories and will be
reported soon.
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